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DIGITAL PHASE TRACKING FILTER FOR
POSITION SENSING

TECHNICAL FIELD

The present mvention relates to the field of position
sensors, and, more specifically, the invention relates to the
digital processing of signals of a position sensor by applying
a phase tracking approach. Particularly, the invention relates
to a device and method for measuring a position using such
digital processing.

TECHNICAL BACKGROUND

It 1s known 1n the art that a position, such as an angular
position or a linear displacement, can be determined from a
signal provided by a position sensor. For example, by
mechanically associating the position to be determined with
a relative orientation ol a magnetic field generated by a
magnetic component, €.g. a permanent magnet, and a mag-
netic field sensor, e.g. comprising Hall effect and/or induc-
tive elements, the position can be deduced from the mag-
netic field property or properties sensed by the magnetic
field sensor. In other words, such device may aim to deter-
mine an angular position (e.g. relative to a zero reference
angle). Such angular position can obviously also be deter-
minmistically related to a more generic position to be deter-
mined, even a linear position, by a suitable mechanical
coupling. The angular position affects a magnetic field
sensed by one or more magnetic sensor elements, from
which the position can thus be determined. The sensor
signal(s) may behave substantially as a (co)sine signal, from
which the angular position can be determined. Two of such
signals, e.g. having a 90° phase oflset with respect to each
other (without limitation), 1s generally suflicient to deter-
mine the angular position in the range of a full rotation, but
it may be advantageous to include additional sensor ele-
ments, e.g. three or more, for example three providing
signals at relative 120° phase oflsets. However, due to
analog to digital conversion and other processing eflects, as
well as sensor noise, the accuracy and speed at which the
angular position can be determined has 1its limitations. For
example, filtering techniques are commonly used 1n such
position sensor devices, e.g. to obtain an angular position
estimate that 1s less noisy, more smooth and/or more robust
against various disturbances.

For example, US2016/363638 discloses a magnetic field
sensor for angle detection of a sensed magnetic field. This
sensor comprises a phase-locked loop that receives a mag-
netic field signal, selected by sequence and current spinning,
switches, from a plurality of magnetic field sensing ele-
ments. The magnetic field signal has a phase indicative of
the angle of the magnetic field. The phase-locked loop
generates an angle signal proportional to the angle of the
sensed magnetic field from this magnetic field signal. In the
phase-locked loop, an oscillator generates a feedback signal
to minimize a diflerence signal obtained by comparing the
phase of the measured magnetic field signal and the phase of
the feedback signal. The sensing elements are scanned
sequentially, 1.e. by a clock signal and associated logic to
control the sequence and current spinning switches, such
that during each readout time slot, only a single sensing
clement 1s being read out.

EP3517897 discloses another position sensing device, in
which a plurality of sensors produce sensor signals, each
signal being a function of an input phase representative of a
position to be measured. A combiner circuit generates an
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2

error signal by combining the sensor signals according to an
array ol weight factors, e.g. applying a gain factor for each

sensor signal. A processing block filters the error signal, e.g.
for offset and noise suppression, and generates an output
phase value representative of the position from the filtered
error signal. A feedback loop adjusts the array of weight
factors as a function of the output phase value, such that the
combiner circuit can continue to estimate the error signal
indicative of the position to be measured relatively to the
estimated output phase value. Thus, a tracking loop 1is
provided that keeps track of the position of interest incre-
mentally, which advantageously can have a low readout
latency and can provide a good accuracy even when chang-
ing at a high angular velocity. Since the combiner operates
parallelly on all of the sensor signals, a good signal-to-noise
behavior can be achieved by averaging out noise over the
plurality of sensor elements.

In another example, EP2975364 discloses a signal evalu-
ation circuit (comprised 1n an analog front-end) 1n a position
sensing device that 1s coupled on its 1nput side to at least two
Hall elements and 1s designed to provide a digital position
signal. The position sensor device comprises a loop filter (in
a digital back-end) that receives an input from the signal
evaluation unit. This loop filter comprises a subtractor
receiving as one input the digital position signal of the signal
evaluation unit. An mtegrator and a proportional element are
connected 1n parallel between the output of the subtractor
and the mputs of an adder. A position integrator numerically
integrates the output of the adder. A delay unit couples the
signal output of the position integrator back to the second
input of the subtractor. The processing unit 1s designed to
adaptively control a time constant of the integrator and/or of
the position integrator.

SUMMARY

It 1s an object of embodiments of the present invention to
provide devices and/or methods to process sensor signals,
provided by a position sensing device, 1n the digital domain
in a fast, eflicient, cost-eflective, reliable, reproducible,
precise and/or accurate manner.

For example, 1t 1s an advantage of embodiments of the
present invention that processing of the signal(s) in the
analog domain can be reduced or avoided, yet a rehable,
accurate and/or precise result value representative of the
position (and/or related quantities, such as phase, velocity
and/or acceleration) to be determined can still be obtained.

It 1s an advantage of embodiments of the present mnven-
tion that by digitally processing the sensor signals, undesir-
able influences of exogenous factors on analog processing
techniques can be avoided (or easily compensated), such as
temperature or process dependencies.

It 1s an advantage of embodiments of the present mnven-
tion that a filtered position signal 1s provided that 1s accurate,
even over a wide range of angular velocities and/or accel-
erations.

It 1s a further advantage of embodiments of the present
invention that a good signal-to-noise ratio can be obtained.

It 1s an advantage of embodiments of the present mnven-
tion that estimates of angular position (or phase), angular
velocity and angular acceleration can be determined 1n an
ellicient and/or fast manner.

It 1s an advantage that a speed and/or acceleration esti-
mate can be easily obtained alongside a position (phase)
estimate without a substantial additional computational or
other processing resource cost, e.g. that speed and/or accel-
eration can be obtained as side-information. For example,
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this side-information may be advantageously used for delay
compensation, €.g. for phase-drift compensation, 1n an addi-
tional stage, e.g. a processing delay may be compensated by
compensating the corresponding phase drift that occurs
during the processing delay. For example, this side-infor-
mation may be used to tune the operation of the loop filter,
c.g. to select a mode that 1s well-adjusted to a specific
dynamic condition.

It 1s an advantage that a loop filter can be automatically
adjusted to different dynamic conditions, for example to
obtain optimal (or at least good) position estimates, e.g.
which settle quickly to a good estimate under any of the
different dynamic conditions. The different dynamic condi-
tions can, for example, be caused by diflerent accelerations
and/or discontinuous sensor readout, €.g. to preserve power
in an intermittent operation and/or in a start-up phase. Such
automatic adjustment to different dynamic conditions may
be referred to as (automatic) gear-shifting in the present
disclosure.

It 1s an advantage of embodiments of the present inven-
tion that the need for post-processing, e.g. additional filter
stages, can be reduced or avoided.

It 1s an advantage of embodiments of the present inven-
tion that a zero-delay filtering stage can be avoided.

It 1s an advantage of embodiments of the present inven-
tion that estimates of the quantity (quantities) of interest
quickly settle to the quantity being estimated, 1.e. a fast,
ellicient and/or accurate estimation process 1s provided.

It 1s a further advantage of embodiments of the present
invention that automatic, e.g. inherent, gear-shifting 1is
obtained. For example, different ‘gears’, e.g. loop filter
modes, can be automatically selected by advantageously
simple digital switching and comparisons, e.g. threshold
value selectors. In other words, 1t may be an advantage that
no intricate control logic may be required.

It 1s an advantage of embodiments of the present inven-
tion that good noise suppression 1s obtained.

It 1s an advantage of embodiments of the present inven-
tion that phase domain computation may be used in the
torward filter path, e.g. offering unlimited integration and/or
integer phase wrapping.

It 1s an advantage of embodiments of the present inven-
tion that an i-phase and quadrature (I/QQ) modulated feed-
back path 1s used, which can offer an advantageously
cilicient calculation of an error signal to be used by the loop
f1lter.

It 1s a further advantage of embodiments that the select-
able filter parameters, e.g. multiplicative factors for pre-
transforming values provided as mput to a common filter
block, may correspond to different powers of two, e.g. such
that such selectable multiplication factor can be 1mple-
mented very efliciently, e.g. by binary bit shifts. This may
provide an eflicient solution 1n terms of valuable processing,
time (e.g. to minimize processing delays) as well as device
economics, €.g. cheap to implement and requiring only a
small area footprint of the implementing integrated circuit.

A device and a method 1n accordance with embodiments
of the present invention achieves the above objective.

In a first aspect, the present invention relates to a position
sensor device for measuring a position. The position sensor
device comprises a plurality of position sensor elements
adapted to (respectively) generate a plurality of analog sense
signals, each sense signal being substantially a same sinu-
so1d function shifted over a constant (yet different for each
of the sense signals) oflset phase, wherein an input phase of
the sinusoid function 1s representative of the position to be
measured. The position sensor device comprises a digitiza-
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tion circuit that 1s coupled on 1ts input side to the sensor
clements and that 1s adapted to provide a digital signal
representative of the imput angle based on the plurality of
sense signals.

The position sensor device comprises a digital processing
unit, e.g. for implementing a phase-locked loop filter. The
digital processing unit comprises an error signal generator
for receiving the digital signal, for receiving a feedback
signal and for computing an error signal indicative of a
phase diflerence between the digital signal and the feedback
signal. The digital processing unit comprises a digital filter
for filtering the error signal and to generate a first output
indicative of the position to be determined. The digital
processing unit comprises a feedback path for providing the
teedback signal to the error signal generator, in which the
teedback signal 1s based on the first output of the digital
filter.

The digital processing unit comprises a filter selector to
select a filter to be applied by the digital filter from a
plurality of different filters, each having a diflerent transier
function, e.g. a diflerent bandwidth, wherein said selection
1s based on the error signal or an output of the digital filter.

The plurality of filters are implemented by a common
filter circuit (‘common’ referring to shared amongst the
different filters, e.g. not to being commonplace) of the digital
filter, in which at least one input on which the common filter
circuit operates 1s scaled differently for each of the difierent
filters to obtain (i1.e. to select) different filter bandwidths
depending on the selected filter. Thus, the ‘filter selector’
may advantageously be implemented, in accordance with
embodiments of the present invention, by a forward gain
selection to the common filter block, e.g. which may com-
prise¢ a first and second order integrator (e.g. a further
integrator in series connection with the first integrator).
Theretfore, parameters and design specifications of this com-
mon {ilter block may be fixed (embodiments not being
necessary limited thereto), while a “filter selection” can still
be eflected by such forward gain selection to obtain different
overall filter characteristics 1n accordance with the selection,
¢.g. different PLL characteristics with different LPF band-
widths. In other words, the ‘filter selector’ should not be
interpreted 1n a narrow sense as a direct filter selector, even
though embodiments do not necessarily exclude this either.

The device comprises an output for outputting an output
signal indicative of the position to be measured based on the
first output of the filter.

In a position sensor device 1 accordance with embodi-
ments of the present invention, the plurality of different
filters may be a discrete plurality of filters. For example, the
filter selector may comprise switching components that are
switchably connected to control the selected filter.

In a position sensor device 1 accordance with embodi-
ments ol the present mvention, the filter selector may be
adapted for determining a value indicative of a magnitude of
acceleration based on the error signal or an output of the
digital filter, for testing whether the value indicative of the
magnitude of acceleration lies 1n any one of a plurality of
ranges (e.g. non-overlapping ranges, e.g. forming a partition
ol an operating range from zero to a predetermined highest
level), and selecting the filter from the plurality of filters
based on in which range the value 1s determined to lie, in
which the plurality of filters correspond to increasing band-
widths for increasingly higher ranges of the value.

In a position sensor device 1 accordance with embodi-
ments ol the present invention, the filter selector may be
adapted for selecting the filter to be applied 1n a next step as
the filter corresponding to the range 1n which the value 1s
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determined to lie if this range 1s higher than the range
corresponding to the currently selected filter, and for select-
ing the filter to be applied 1n a next step as the next filter that
has a smaller bandwidth than the currently selected filter,
¢.g. to decrease the bandwidth by a single step, 1f the range
in which the value 1s determined to lie 1s lower than the
range corresponding to the currently selected filter.

A position sensor device 1 accordance with embodiments
of the present invention may comprise a delay compensation
unit to compensate for a phase drit of the first output of the
filter, such that the output of the device 1s generated based
on a value obtained by adding a correction oflset to the first
output.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the digital filter may be
adapted for providing a second output signal indicative of a
rate of change of the first output, and the delay compensation
unit may be adapted for calculating the correction oflset by
multiplying the second output of the filter by a delay
coellicient.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the filter may be adapted to
generate a third output indicative of an acceleration, and the
delay compensation unit may be adapted for calculating the
correction oflset as a sum of at least DV times V and DV
times A, 1n which DV2 1s a predetermined constant.

A position sensor device 1in accordance with embodiments
ol the present mnvention may comprise a temperature sensor
for providing a temperature signal, and the delay compen-
sation unit may be adapted to receive the temperature signal
and to determine the delay coeflicient based on the tempera-
ture signal.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the common {filter circuit
may comprise a first digital integrator, wherein an input
provided to the first digital integrator corresponds to one of
a plurality of scaled versions of the error signal selected 1n
accordance with the selected filter, 1.e. wherein the 1put
provided to the first digital integrator 1s one of said at least
one inputs of the common filter circuit and corresponds to a
scaled version of the error signal that 1s thus scaled ditler-
ently for each of the plurality of filters.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the common filter circuit
may comprise a second digital integrator and an adder for
adding a second scaled version of the error signal selected 1n
accordance with the selected filter and the output of the first
digital integrator, wherein an output of the adder 1s coupled
as 1nput to the second digital integrator. Thus, one of the
inputs of the adder may be another one of the at least one
inputs ol the common filter circuit corresponding to a scaled
version of the error signal, scaled differently for each of the
plurality of filters.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the plurality of sensors may
comprise at least two sensors, e.g. at least three sensors,
arranged to produce sense signals each being a different
function of the input phase representative of the position to
be measured.

A position sensor device 1 accordance with embodiments
of the present invention may be an angular position sensor
device, and the plurality of position sensor elements may be
magnetic sensors for measuring, by measurements, along
different projection directions, of an angle of a magnetic
field, 1.e. representing the mput phase. The position sensor
clements may comprise horizontal and/or vertical Hall ele-
ments, and/or giant magnetoresistance (GMR) sensor ele-
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ments, and/or tunneling magnetoresistance (IMR) sensor
clements and/or sensing coils coupled to electrical resolvers.
For example, the sense signals may correspond to projec-
tions of the magnetic field B 1n different directions, e.g.
along the directions corresponding to angles k.2m/N (k=0, 1,
..., N=-1).

A position sensor device in accordance with embodiments
of the present invention may comprise a permanent magnet,
¢.g. a multi-pole magnet.

In a position sensor device 1 accordance with embodi-
ments of the present invention, the digital value may com-
prise (or consist of) a sine (or quadrature) component and a
cosine (or in-phase) component of the input phase.

In a position sensor device 1 accordance with embodi-
ments of the present invention, the digitization circuit may
comprise a digital transformation unit adapted for comput-
ing the digital signal from sampled values of the sense
signals, wherein the digital transformation unit 1s adapted to
apply a Clarke transformation or another suitable linear
transformation to transform the N sense signals, related to
cach other in accordance with phase shifts of 27/N, to the
sine component and the cosine component.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the feedback path may
comprise a phase to 1/Q value converter for converting the
first output of the filter to a cosine and a sine component
forming the feedback signal.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the error signal generator
may comprise a linear combiner for multiplying the digital
signal with the complex conjugate of the feedback signal,
and a phase approximator to provide the error signal 1n the
form of an approximation of the phase difference between
the digital signal and the feedback signal based on an output
of the linear combiner.

In embodiments of the present invention, a forward path
of the loop filter may operate 1n the phase domain, while a
teedback path of the loop may operate 1n the I/QQ domain.
This advantageously allows filtering in the phase domain,
which can be considered to represent the position to be
determined (or 1s directly functionally related to the position
to be determined), while an eflicient calculation of the error
signal can be achieved 1n the I/QQ domain.

In a position sensor device 1n accordance with embodi-
ments of the present invention, the digitization circuit may
comprise an analog to digital converter adapted for sequen-
tially sampling each of the plurality of sense signals.

In a position sensor device 1 accordance with embodi-
ments of the present invention, the digitization circuit may
comprise an analog or digital interpolation unit adapted for
interpolating the plurality of sense signals, sequentially
sampled by the analog to digital converter, to a same
sampling point 1n time.

In a position sensor device 1 accordance with embodi-
ments of the present invention, the digitization circuit may
comprise an electromagnetic compatibility filter, an ampli-
fier, a signal de-chopper, a direct current oflset compensation
umt and/or other signal pre-processing components, as gen-
crally known 1n the art.

In a position sensor device 1in accordance with embodi-
ments of the present invention, the digitization circuit may
comprise an amplifier and an automatic gain control for
adjusting a gain of the amplifier to maximize the use of the
available analog-to-digital converter input range of the ana-
log to digital converter and/or to prevent saturation thereof,
wherein an output of the automatic gain control 1s further-
more used for normalization 1n the digital processing unit.
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In a second aspect, the invention relates to a method for
measuring a position, the method comprising:
obtaining a plurality of analog sense signals from a corre-
sponding plurality of position sensor elements, wherein each
sense signal 1s substantially (e.g. except for noise and/or a
direct current component and/or electromagnetic interfer-
ence and/or latency eflects and/or other nuisance factors as
known for such sensors) a same sinusoid function shifted
over a diflerent offset phase and wherein an input phase of
the sinusoid function 1s representative of the position to be
measured, generating a digital signal representative of the
input phase based on the plurality of analog sense signals,
digitally computing an error signal indicative of a phase
difference between the digital signal and a feedback signal,
filtering the error signal using a digital filter to generate a
first output,
digitally generating the feedback signal based on the first
output,
outputting a device output signal indicative of the position to
be measured based on the first output of the digital process-
ing unit, and
selecting a {ilter to applied by the digital filter from a
plurality of different filters, each having a diflerent transier
function, based on the error signal or an output (the first
output, the second output, the third output, or another
output) of the digital filter.

For example, the steps of computing the error signal,
filtering the error signal and generating the feedback signal
may form a phase-locked loop. Filtering the error signal
comprises scaling at least one mput on which a common
filter 1n the digital filter operates differently for each of the
plurality of filters to obtain different filter bandwidths for
cach of the plurality of filters.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a device 1n accordance with embodiments
ol the present invention.

FIG. 2 shows an 1illustrative digitization circuit for use in
a device 1 accordance with embodiments of the present
invention.

FIG. 3 shows a device 1n accordance with embodiments
of the present invention.

FIG. 4 1llustrates open loop filter characteristics for an
illustrative plurality of filters for use in accordance with
embodiments of the present invention.

FIG. 3 1llustrates closed loop filter characteristics for an
illustrative plurality of filters for use in accordance with
embodiments of the present invention.

FIG. 6 1llustrates a step response of an illustrative plural-
ity of filters for use 1n accordance with embodiments of the
present invention.

FIG. 7 shows an illustrative filter selector for use 1n a
device 1 accordance with embodiments of the present
invention.

FIG. 8 schematically 1llustrates a method 1n accordance
with embodiments of the present invention.

The drawings are schematic and not limiting. Flements in
the drawings are not necessarily represented on scale. The
present invention 1s not necessarily limited to the specific
embodiments of the present mmvention as shown in the
drawings.

DETAILED DESCRIPTION

Notwithstanding the exemplary embodiments described
hereinbelow, 1s the present invention only limited by the
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attached claims. The attached claims are hereby explicitly
incorporated in this detailed description, in which each
claim, and each combination of claims as allowed for by the
dependency structure defined by the claims, forms a separate
embodiment of the present invention.

The word “comprise,” as used 1n the claims, 1s not limited
to the features, elements or steps as described thereatter, and
does not exclude additional features, elements or steps. This
therefore specifies the presence of the mentioned features
without excluding a further presence or addition of one or
more features.

In this detailed description, various specific details are
presented. Embodiments of the present invention can be
carried out without these specific details. Furthermore, well-
known features, elements and/or steps are not necessarily
described 1n detail for the sake of clarity and conciseness of
the present disclosure.

In a first aspect, the present invention relates to a position
sensor device for measuring a position, €.g. to determine a
rotation angle (or a linear or curvilinear displacement via a
suitable mechanical coupling). The position sensor may be
operated over a wide range of angular velocities, e.g. from
substantially zero to 80000 rpm or even higher, for example
even up to, or more than, 100000 rpm, for example 700000
rpm, potentially even higher, e.g. 1 Mrpm. For example, an
ADC sampling rate of a digitizer part of the device in
accordance with embodiments, e.g. to convert an analog
signal into the digital domain for further processing as
described 1n detail hereinbelow, may be 1n the range of 100
kHz (lower values not necessarily excluded) to 2 MHz
(higher values not necessarily excluded), e.g. in the range of
400 kHz to 1 MHz, e.g. 1n the range of 500 kHz to 900 kHz,
¢.g. 1n the range of 700 kHz to 800 kHz, e.g. about 770 kHz.

Preferably, the position sensor can be capable of accu-
rately determining the angular position regardless of the
angular velocity and/or angular acceleration, e.g. with a
measurement error of less than 5°, preferably less than 2°, or
even better, e.g. less than 1°, e.g. less than 0.5°, or even
lower, e.g. in the range of 0.1° to 0.4°. For example, the
targeted precision may be about 0.3° for angular velocities
below (e.g. up to) 250000 rpm, e.g. where slightly larger, but
still performant, measurement deviations may be tolerated
for even higher angular velocities.

FIG. 1 shows an exemplary position sensor device 1 1n
accordance with embodiments of the present invention.

The position sensor device comprises a plurality of posi-
tion sensor elements 2 adapted to (respectively) generate a
plurality of analog sense signals S,, each sense signal being
substantially a same sinusoid function shifted over a con-
stant (yet diflerent for each of the sense signals) oflset phase,
wherein an mput phase (input angle) 0, of the sinusoid
function 1s representative of (1.e. associated with) the posi-
tion to be measured. For example, the position to be mea-
sured may be a mechanical angle (without limitation) that 1s
equal to, or linearly related to, the input phase. For example,
the sense signals may have the form A.cos(0,-k 27/N),
wherein A 1s an amplitude, k 1s an index iterating over the
N sensor elements (and thus over the N sense signals).
However, the mvention 1s not necessarily limited to fixed
(constant) phase oflsets of 2n/N, even though a fixed and
known phase relationship between the sense signals may
typically exist. Likewise, the sensor elements may have
different sensitivities, such that the amplitude 1s not neces-
sarily equal for each of the signals. However, such difler-
ences 1n amplitude can be easily corrected by a gain control
if necessary, as would be readily understood by the skilled
person.
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For example, the position sensor elements may comprise
(or consist of) three inductive sensors, €.g. recerving coils,
which may provide sense signals that are shifted by 120°
phase shifts with respect to each other. However, embodi-
ments may also relate to sense signals provided by diflerent
types of sensing elements, such as based on magnetic field
strength or flux density measurements, e.g. Hall sensors. For
example, any type of sensor elements that provide sinusoid
or similar signals with predetermined phase shifts with
respect to each other are contemplated. Also, the number of
sensor elements, e.g. providing a corresponding plurality of
sense signals, with a known relationship between the phase
oflsets may vary. For example, at least two sense signals
may be provided with a known phase oflset between the
signals. Preferably, at least three sense signals may be
provided to increase robustness. While aspects of embodi-
ments are explained based on three sense signals, shifted by
120° phase shifts, 1t 1s to be noted that this number may be
increased to further improve redundancy and/or reduce
noise.

As will be further detailed hereinbelow, the position
sensor device 1 operates on the sense signals 1n a tracking
mode such as to accurately track the position (input angle).
Such tracking loop keeps track of the mput angle (without
limitation, e.g. a suitable mechanical coupling may relate the
input angle to a linear or curvilinear displacement) 1n an
incremental way, e.g. by comparing an output estimate to an
input derived from the analog sense signals.

As 1s well-known 1n the art, the position sensor device
may be an angular position sensor device, in which the
position deterministically determines a magnetic field (B)
property, e.g. an orientation or strength of the field. For
example, an external magnet (e.g. permanent magnet) may
be fixed to a rotor part, while the position sensor elements
may be fixed to a stator part, or vice versa. Alternatives as
known 1n the art can also be envisioned, such as based on
mutual inductance.

Thus, the sensor elements may be magnetic sensors. For
example, the sensors may be arranged for measuring an
angle of a magnetic field along different projection direc-
tions. For example, the plurality of sensors may comprise at
least two sensors, e.g. at least three sensors, arranged to
produce sense signals each being a different function of an
input phase (0,) representative of a position to be measured.

The device may also comprise a permanent magnet, €.g.
a multi-pole magnet, 1n which the magnet 1s fixed to a rotor
part and the sensors are fixed to a stator part (or vice versa),
such that a relative angle between the rotor and the stator
part can be determined by (and 1n operation of) the device.

For example, the position sensor device may be a mag-
netic angular sensor for measuring the angle of a magnetic
field B, for example generated by a magnet. The position
sensor elements 2 may comprise (or consist of) horizontal
and/or vertical Hall elements, and/or giant magnetoresis-
tance (GMR) sensor elements and/or tunnelling magnetore-
sistance (IMR) sensor elements. For example, the sense
signals may correspond to projections of the magnetic field
B 1n different directions, e.g. along the directions corre-
sponding to angles k.2m/N.

Similarly, the position sensor elements 2 may comprise
(or consist of) sensing coils, coupled to electrical resolvers,
in which an angle-dependent mutual inductance between a
driving coil and the respective sense coils 1s transduced.

The position sensor device comprises a digitization circuit
3 that 1s coupled on 1ts input side to the sensor elements 2
and that 1s adapted to provide a digital signal representative
of the input phase (input angle) 0. based on the plurality of
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sense signals S, 1.e. such that the input phase (e.g. over the
range of a full period 2m) can be uniquely determined from
the digital signal, e.g. such that complete information about
the mput phase over i1ts range of at least a full period 1s
encoded 1n the digital signal. For example, the digital signal
may consist ol a digital value representative of the phase
(e.g. an angle value) or of one or more scalar values from
which the phase can be uniquely determined over its range
of at least 2mt. The digital value may comprise (or consist of)

a sine component and a cosine component, e.g. an I/Q
representation of the input phase.

The term ““digitization circuit” refers to the central func-
tion of this circuit to digitize the sense signals to produce a
suitable digital value for further processing, but should not
be interpreted narrowly as consisting of only an analog to
digital converter (ADC). For example, the digitization cir-
cuit may comprise analog front-end components coupled
between the sensor elements and an analog to digital con-
verter (ADC) 24 of the digitization circuit and/or digital
components for further transforming the output of the ADC
to a suitable digital value.

Referring to FIG. 2, the digitization circuit 3 may, for
example, comprise an electromagnetic compatibility filter
(EMC) 21, an amplifier 22, an automatic gain control (AGC)
25, a signal de-chopper 26, a direct current (DC) oflset
compensation unit 27 and/or other signal conditioning com-
ponents, as generally known in the art. For example, the
digitization circuit may comprise a noise suppression filter,
¢.g. a FIR low-pass filter. For example, such noise suppres-
sion filter may apply a z-domain transfer function of
H(z)=Y(1+z "), without embodiments being limited
thereto. For example, a de-chopper 26 may compensate a
DC oflset by subtracting two subsequent samples of the
signal.

An AGC 25 may advantageously stretch the dynamic
range of the digital path by adapting the analog front-end
gain (€.g. a gain ol an amplifier) to maximize the use of the
available ADC mput range (preferably while preventing
saturation), as dependent on the measured signal strength.
For example, if the mput signal strength (e.g. a maximum
value of the plurality of sense signals) exceeds a predeter-
mined threshold, the gain value may be decreased to avoid
saturation, and 1f the input signal strength falls below a
second predetermined threshold, the gain value may be
increased, such that quantization noise 1s (relatively)
reduced. Such AGC approaches (and without limitation to
this specific example) are generally known 1n the art and
therefore not discussed in detail. Furthermore, as shown in
FIG. 3, the output of the AGC may addltlonally be used for
power normalization 1n the digital processing unit 4. For
example, an integer part of the gain may be used 34 1n a
preprocessing stage, e.g. before applying a Clarke transior-
mation or other suitable transformation to combine the
plurality of sense signals into the digital value produced by
the digitization circuit, and a fractional part of the gain may
be applied to normalize 31 a phase error signal 1n the digital
processing unit 4. Thus, by using suitable normalization of
the magnitude of a complex error signal, a phase error signal
based on the complex error signal can easily obtained. This
normalization can be based on the gain selected by AGC,
¢.g. directly or when transformed by a suitable transforma-
tion, e.g. as determined by a look-up table.

For example, the digitization circuit may comprise an
analog to digital converter 24 to sample (each of) the
plurality of sense signals. For example, the ADC may
digitize two analog sense signals that are related to each
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other 1n accordance with a 90° phase shift, e.g. a first signal,
A cos 0., and a second signal, A sin 0,, jointly forming the
digital value.

Referring again to FIG. 1, the digitization circuit 3 may
comprise an analog to digital converter 24 to sample at least
three sense signals and optionally a digital (preferably
linear) transformation unit 30 to compute the digital signal
from the sampled values of the plurality of sense signals, e.g.
of at least three sense signals. Instead of a digital transior-
mation unit 30, the digitization circuit may combine the at
least three sense signals 1n the analog domain and digitize
the result using an ADC (and possibly further components)
to obtain the digital signal.

The digitization circuit 3 may comprise an analog or
digital interpolation unit 28, such that the plurality of sense
signals may be representative of the same sampling point 1n
time, even though the analog sense signals are sampled
sequentially by the ADC 24. The digitization circuit 3 may
also comprise a sample-and-hold circuit 23, ¢.g. comprising
a switching unit to feed the diflerent sense signals sequen-
tially to the ADC. Other components, as will be understood
by the skilled person, may include a clock signal generator
to drive the switching unit, the ADC, a demultiplexer 29 and
possibly other elements 1n the sampling chain.

This advantageously allows the digitization unit to use a
single ADC unit to sample all the sense signals, e.g. at a high
sampling frequency. This may reduce the cost and/or power
consumption, since only a single ADC 1s needed, and may
avoid errors due to diflerences across different ADC unaits.
Clearly, the digitization circuit may also comprise a demul-
tiplexer 29 to split the acquired ADC output 1n a correspond-
ing number of channels, 1 a single ADC 1s used to sample
the plurality of sense signals. Suitable methods of mterpo-
lation to obtain synchronous time samples regardless of
sequential sampling are considered to be well-known 1n the
art. However, embodiments 1n which each sense signal 1s
sampled, synchronously, by a dedicated ADC are not nec-
essarily excluded.

In embodiments according to the present invention, the
digital signal may comprise two value components, e.g. two
digital values that are concomitantly available for process-
ing. These two components may each represent the sinusoid
function, ¢.g. may each be a phase-shifted version of the
sinusoid function. A (constant) oflset phase between the two
digital signal components may be substantially equal to /2
(90°). For example, the two digital signals may be consid-
ered as a cosine component and 1ts corresponding sine
component, or, equivalently, as an in-phase I and quadrature
QQ component, which together form (can be represented as)
a single complex number scalar value.

A digital transformation unit 30 for computing the digital
signal may receive three sense signals, which relate to each
other 1n accordance with phase shifts of 2m/3 (120°),
wherein the two digital signal components may relate to
cach other 1n accordance with a phase shift of m/2 (90°). In
other words, the digital transformation unit may comprise a
Clarke transformation umit to convert rotor phase mforma-
tion from a 3x120°-offset sinusoidal representation to a
complex I and Q representation, €.g. using a linear trans-
formation, known as the Clarke transformation or alpha-beta
transformation:
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or a numerical approximation thereof; in which I,.1;.1;;
represent the three sense signals (possibly after suitable
preprocessing, such as imitial filtering, synchronous interpo-
lation etc.), related to each other by phase ofisets of 120°,
and I,,I; correspond to the complex components forming the
I/Q representation. It will be appreciated that a similar linear
transformation can be obtained for combining more than
three sense signals to robustly obtain a digital value 1,1, It
will also be understood that such transformation may not be
necessary in embodiments where only two sense signals,
with a relative phase shift of 90°, are measured directly.

The position sensor device 1 comprises a digital process-
ing unit 4 for processing the digital signal providing by the
digitization circuit 3. The digital processing unit comprises
(1.e. implements) a loop filter. An output of the loop filter 1s
coupled to an output of the position sensor device to provide
an output signal P indicative of the position to be measured.
For example, the output may provide a digital value repre-
sentative of the position, as filtered by the loop {ilter.
Alternatively or additionally, the output may comprise a
digital-to-analog converter to export the digital value as an
analog signal. For example, the analog signal may comprise
a sine wave signal and a cosine wave signal, the phase of
which signals (except for the obvious 90° shift between the
signals) 1s indicative of the position. The digital signal may
thus be converted by two parallel DAC units to provide the
sine and cosine analog signals. For example, the outputs of
the DAC units may be provided as final device outputs via
a sin/cos diflerential driver.

The digital processing unit 4 1s adapted for receiving the
digital signal, receiving a feedback signal and computing an
error signal indicative of a phase difference between the
digital signal and the feedback signal. For example, the
digital processing unit 4 may comprise an error signal
generator 11, e.g. a phase comparator, that 1s adapted to
receive the digital signal, in operation of the device, to
receive the (digital) feedback signal and to compute the error
signal indicative of a phase diflerence between the digital
signal and the feedback signal.

For example, the digital signal may comprise two com-
ponents I,I; forming a single complex number and the
feedback signal may also comprise two components F_.Fg
forming a single complex number, 1.e. an I/Q representation
(see also hereinabove w.r.t. the digitization circuit 3). For
example, both the digital signal and the feedback signal may
form an 1I/Q representation. Thus, the error signal can be
cliciently computed, using a linear combiner 32, by digi-
tally multiplying the complex digital signal with the com-
plex conjugate of the feedback signal (or equivalently vice
versa, except for a trivial change of sign). For example, 11 the
digital signal 1s represented by I,+jlg (j referring to the
imaginary unit) and the feedback signal 1s represented by
F,+)Fq, the error signal generator may compute the error
signal as B+ E=(I F +IFg)+)(F l—1 Fg). While these
complex multiplication and conjugation operations can be
implemented very efliciently, the argument of the error
signal thus obtained 1s advantageously equal to the ditler-
ence 1n phase, €.g. as can be easily understood by changing
to a polar representation of the operation.

Furthermore, the error signal generator 11 may comprise
a phase approximator 33 to provide the error signal in the
form of an approximation of the phase diflerence ¢ between
the digital signal received as mput and the feedback signal,
based on the result of the output of the linear combiner. For
example, the error signal ¢ can be computed by a tan(E/
E_), or approximated, for example using a small angle
approximation @~=sin(@)~=tan(¢), tor example by @~=Eg/
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|E]l, p~=Eg/E,, or ¢p~=K. Eg, where K 1s a suitable ratio to
be determined dynamically or predetermined by using a
suitable signal normalization.

The digital processing unit 4 comprises a digital filter 5
for filtering the error signal, e¢.g. the phase difference ¢, and
to generate a first output P1 indicative of the position to be
determined. The digital processing unit 4 comprises a feed-
back path 6 (e.g. comprising a feedback signal unit) for
providing the feedback signal to the error signal generator
11, 1n which the feedback signal 1s based on the output of the
digital filter.

In embodiments of the present invention, the forward path
of the loop may operate in the phase domain, while a
teedback path of the loop may operate 1n the I/QQ domain.
This advantageously allows filtering 1n the phase domain,
which can be considered to represent the position to be
determined (or 1s directly functionally related to the position
to be determined), while an eflicient calculation of the error
signal can be achieved 1n the I/QQ domain.

This output P1 of the filter 5, or a signal determined from
this output, may be used to form the output signal P of the
device 1. Thus, the loop filter implemented by the digital
processing unit may be formed by the error signal generator
11, a forward path implemented by the digital filter 5 and the
teedback path 6. In the example discussed hereinabove, the
error signal generator 11 may receive the feedback signal as
a complex I/Q representation, such that the feedback path 6
may comprise a phase to I/Q value converter for converting
the output indicative of the position to be determined, 1n the
form of a phase value, to a complex 1I/Q) value (e.g. a cosine
and a sine of the phase).

In advantageous embodiments, the digital filter S may be
adapted for providing a second output signal V indicative of
a rate ol change of the output indicative of the position, 1.e.
a second output signal indicative of a velocity.

The digital processing unit 4 comprises a filter selector 7
to select a filter to be applied by the digital filter 5 from a
plurality of different filters, each having a diflerent transier
function, e.g. a diflerent bandwidth. For example, the plu-
rality of different filters, from which a filter 1s selected by the
filter selector, may be a discrete plurality of filters, such that
an advantageously fast and simple filter selection can be
achieved by simple inequality test operations and digital
switching. Thus, the filter selector 7 may comprise switching
components that are switchably connected to control the
selected filter.

The different filters have substantially the same form, e.g.
are 1mplemented by a same signal processing path, but at
least one mput (e.g. two 1mputs, as discussed hereinbelow) of
the filter can be scaled differently 1n accordance with the
different filters. By scaling the mput(s) to a common filter
differently, a different bandwidth can be easily selected, and
the device can be simply and efliciently designed.

For example, as shown i FIG. 3, the digital filter may
comprise a double discrete integration, e.g. the “common”™
filter, wherein an iput to the first digital integrator 36
corresponds to one of four (in this example, without limi-
tation) scaled versions of the error signal. This scaling may
be carried out, advantageously, by multiplication by differ-
ent powers of two, e.g. bit shifts. Likewise, the second
integrator 37 may operate on the sum (e.g. using an adder)
of a second mput and the output of first digital integrator, 1n
which this second 1nput corresponds to one of four (in this
example, without limitation) scaled versions of the error
signal (e.g. multiplications by diflerent powers of two).

The digital filter circuit may comprise a first digital
integrator arranged for receiving (a first scaled version of)
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the error signal and for outputting a version thereof accu-
mulated over time, and a second digital integrator arranged
for recerving the sum of (a second scaled version of) the
error signal and the output of the first digital integrator.
Thus, 1n the example illustrated i FIG. 3, the filter

selector 7 may select one of the four following transfer
functions:

~0-8 61
Hﬂ(z):(l_ — +2ﬂ].1_zl
H3-8 61
Hl(z):[l_ _ +22]'1—zl
57-8 n—6-1
Hz(Z)=(l — +24]' =
5—6-1

or, more generally, the digital filter may implement a filter of
the form

Al
H(z) =( +A2]-

] — 71 ] —z1

¢.g. by using a double discrete integration circuit, in which
the scaling factors A, and A, are selected by the filter
selector 7 to apply one of the plurality of filters.

FIG. 4 illustrates the open loop characteristics (resp.
magnitude and phase) of the phase locked loop (PLL) filter,
for each of the four illustrative filters H, to H,. FIG. 5
illustrates the corresponding closed loop characteristics, and
FIG. 6 shows the step response of each filter.

Thus, by selecting an appropnate filter, an acceleration
dependent estimate of the position (e.g. phase) can be
provided to compensate phase errors during acceleration,
¢.g. due to latency of the phase-locked loop for speed
estimation. While, 1n this example, a selection 1s made from
four available filters, 1t shall be understood that a lower or
higher number of filters may be used, e.g. considering a
design trade-ofl between complexity and smoothness of the
transitions when switching between filters.

The filter selector 7 selects the filter to be applied based
on the error signal or on an output of the loop filter, e.g. an
acceleration, a velocity or a phase signal output of the filter.
For example, the filter selection that 1s currently applied may
select a scaling of the error signal that 1s indicative of an
acceleration, e.g. the 21, 2°3, 2°7 or 2°11 component
illustrated 1n FIG. 3, while a second scaling of the phase
signal may be representative of a velocity, i.e. the 270, 22,
2°4 or 276 component in FIG. 3. The selected proxy for
acceleration may be used as basis for selecting the filter to
be applied. Preferably, the selected filter may be controlled
as a function of an acceleration signal. The filter may be
selected by switching between different input proportional-
ity elements, e.g. bit-shift elements, for providing inputs to
a common filter circuit. The filter selector may comprise a
finite state machine to select the filter.

The absolute value, or an obvious alternative, such as a
squared value, of the signal used for selecting the filter may
be tested whether it falls 1n each one of a plurality of ranges,
and the selected filter may correspond to the range in which
the signal has been determined to lie. For example, the
(absolute value of the) signal may be quantized to a small
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number of bits, e.g. 1 bit, e.g. 2 bits, e.g. 3 bits, such that the
range 1n which the signal lies can be easily determined.

Referring to FIG. 7, an illustrative approach for the filter
selection 1s illustrated. In this example, one out of four
possible filters 1s selected, corresponding to the example
shown 1n FIG. 3, without limiting embodiments necessarily
to this specific number or the structure of the filter illustrated
in FIG. 3.

The filter selection may operate at a lower clock fre-
quency than the loop filter, (in this example, Yas of the filter
frequency) such that filter switching 1s less frequent, allow-
ing the filter to settle after each switching operation before
considering whether to switch to another filter. The filter
selection 1s represented by a filter index k, e.g. a value k
selectable from the possibilities 0,1,2,3 (1n this example).

In embodiments, the selected filter may thus be selected
by an index that 1s formed by a bit-quantized version if the
absolute value (or equivalent) of the mput signal (e.g.
representative ol acceleration), in which the lowest band-
width filter corresponds to the lowest mdex (e.g. 0), and
higher indices correspond to increasing bandwidths.

The 1mput signal may be the phase error signal, e.g. the
normalized phase error signal obtained from the normalizer
31, e.g. anormalized residual phase error value, even though
other signals, such as an output of the loop filter, e.g.
indicative ol an instantaneous acceleration, could also be
contemplated as input. The mput signal may be filtered by a
turther filter 71. By applying a suitable further filter, e.g. a
low pass filter, diflerent filters (to be selected by the filter
selector) can be selected on the basis of the filtered signal
(provided by the further filter), e.g. gradual stepwise
changes, e.g. by stepwise increment or decrement (of a filter
selection index). The further filter 71 may reduce or avoid
frequent switching of the filter 1n response to a noisy nput.
For example, the further filter may provide the eflect of a
sliding average or accumulation of the input to increase
robustness against noise. However, the filter selector may
also, alternatively or additionally, respond to a sudden and
large mput signal (e.g. residual phase error) by immediately
switching to the filter with largest bandwidth, e.g. when the
input signal exceeds (for example) p1/4. It shall be clear to
the skilled person that the further filter 71 may be optional,
¢.g. when only selector responses to substantially large input
signals are taken 1nto account (thus already reducing unde-
sirable frequent switching due to noise).

As an example, the further filter may be a low pass {ilter,
e.g. having a transfer function H(z)=2"°"%(1-(1-2"°)z"".
However, this 1s obviously only illustrative, as a suitable
transier function can be determined by the skilled person by
relying on routine design considerations and/or straightior-
ward experimentation or simulation. For example, the trans-
fer may be tuned to a sampling and/or control logic period
of the selector 7.

As already mentioned, the filtered signal (if filtered at all),
provided by the further filter, may be converted to an
unsigned (1.e. absolute) value [x| for the purpose of filter
selection. The filtered signal, e.g. the absolute filtered signal,
may also be saturated and/or rounded, such that decision
aresholds can be, advantageously, easily determined from
ne quantizer range limits and do not depend on the sign of
he value (even though an asymmetric selection that reacts
ifferently depending on the sign 1s not necessarily excluded
in embodiments either).

In embodiments, the selected filter may be selected by
generating an index that 1s formed by a bit-quantized version
of the absolute value (or equivalent). This proposed value of
the index may be compared to the index of the filter that 1s
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presently applied (k, with the obvious delay z~ applied),
and the index of the filter to be applied next may be
determined by increasing and/or decreasing the previous
index by one step depending on whether the proposed value
1s higher and/or lower than the previous value k.

For example, for an absolute value that exceeds a prede-
termined threshold, the value of k may be decreased by one
unmt step to ensure a slow and controlled reduction of the
bandwidth during the phase settling process.

While a slow and controlled decrease of the bandwidth
may generally be preferable, the bandwidth may be
increased more rapidly to respond quickly to a discontinuity
or very sudden acceleration.

Furthermore, to ensure that the filter 1s quickly switched
to the highest bandwidth in case of a large deviation between
the measured mput signal and the phase output of the loop,
if the error signal (or output of the filter) exceeds a threshold
value, e.g. about p1/4 (without limitation to this example), a
phase step may be detected, and the filter selector 7 may
switch to the filter that has the highest bandwidth.

The position sensor device 1 may also comprise a delay
compensation unit 8 to compensate for a phase drift (delay)
of the first output P1 of the filter, e.g. generating the output
P of the device by adjusting the output P1 of the loop filter
to compensate for a delay.

For example, an advantageous correction to compensate
for a processing delay may be implemented. This correction
may be achieved by rotating the estimated angle (e.g. the
first output of the filter) backward, e.g. by subtracting a
phase driit angle. This phase angle may typically be speed
dependent.

For example, at high rotational speeds, the processing
delay may be advantageously compensated to obtain a
(substantially) real-time signal indicative of an instanta-
neous position, or good approximation thereof. This cor-
rected value may be provided as an output of the device, e.g.
as a digital or analog signal, e.g. converting the digital value
back to the analog domain, e.g. an analog sine and corre-
sponding cosine wave signal. However, this corrected value
may also, advantageously, be used to generate the feedback
signal, e.g. via the phase to 1I/QQ value converter.

For example, processing delays and/or other variable
ellects due to the angular velocity, the angular acceleration
and/or temperature may cause a diflerence between the
position output of the filter and the actual instantaneous
position being measured, which can advantageously be
corrected by applying a suitable phase drift oflset. A pre-
dicted phase drift (e.g. a discrepancy between the actual
input angle and an output angular signal) that occurs during
the period of the delay may thus be used to correct the
output, e.g. by a constant processing delay, an estimated

angular speed and/or velocity, and/or a temperature into
account.

The delay compensation unit 8 may be adapted to add a
phase oflset to the phase output of the filter, e.g. 1n accor-
dance with P=P1+AP. The delay compensation unit 8 may be
adapted to calculate the phase oflset AP by multiplying the
second output of the filter V, e.g. indicative of an angular
velocity, with a delay coeflicient DV, e.g. AP=DV.V,

Furthermore, the delay compensation may also take an
acceleration dependent delay 1into account. For example, the
filter may generate a third output A indicative of an accel-
cration, and may calculate the phase offset as AP=DV.V+
DV2.A, 1n which DV2 may be equal to one or another
predetermined constant. The acceleration-dependent phase
drift component DV2.A can thus compensate phase devia-
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tions due to the phase-locked loop delay (e.g. time to settle
in response to sudden acceleration).

As will be understood by the skilled person, a predeter-
mined constant may also be added to the phase ofiset, e.g.
AP=DV.V+DV2.A+OFS, to calibrate the output to a desired
reference position. For example, the device may be adapted
to receive a configuration instruction to adjust the constant
oflset to a desired value, e.g. during a calibration procedure.

It 1s an advantage of embodiments of the present inven-
tion that a loop filter 1n the digital domain may be used that,
without requiring additional processing or complexity, e.g.
using (an) intermediate result(s) obtained in the filter loop,
can be used to correct for a speed-dependent delay and/or a
sudden acceleration, such that substantially a zero delay (or
near-zero delay) estimate can be achieved. Particularly, if a
double-integration loop filter 1s used (or a suitable obvious
alternative thereto), the first and second order derivatives of
the position signal can be readily made available for use in
the delay compensation.

Since the delay may also be temperature dependent, e.g.
due to magnetic latency, the device 1 may comprise a
temperature sensor 9 to provide a temperature signal T. The
delay compensation unit 8 may be adapted to receive the
temperature signal T and to calculate the delay coeflicient
DV by taking the temperature into account. The delay
compensation unit may comprise a lookup table of delay
coellicient DV values for different temperatures, e.g. —40°
C., 0° C, 40° C.,, 80° C., 120° C. and 160° C. (without
limitation thereto). For example, the values stored i such
lookup table may be determined 1n a calibration procedure.
Furthermore, for intermediate values, the delay compensa-
tion umt may interpolate the stored values, e.g. to avoid
discontinuities in the output due to switching between delay
coellicient values. However, 1t shall be understood by the
skilled person that this 1s merely an illustrative approach,
and obvious alternatives can be contemplated. For example,
instead of using a lookup table, the delay coeflicient DV may
be modelled as a parametric analytical function that 1s
dependent on temperature, and suitable parameters of such
function can be determined by a calibration procedure and
stored accordingly for use.

In a second aspect, the present invention relates to a
method for measuring a position. An illustrative method 100
in accordance with embodiments of the present invention 1s
shown 1n FIG. 8.

The method 100 comprises obtaining 101 a plurality of
analog sense signals from a corresponding plurality of
position sensor elements, 1n which each sense signal 1s
substantially a same sinusoid function, e.g. sin(0.+A0,),
shifted over a different offset phase A0, (e.g. a different and
substantially constant oflset phase for each of the position
sensor elements k=0, 1, . . ., N-1) and 1n which an input
phase 0, of the sinusoid function 1s representative of the
position to be measured.

The method 100 comprises generating 102 a digital signal
[ representative of the input phase 0, based on the plurality
ol analog sense signals, e.g. using a digitization circuit.

Generating 102 the digital signal may comprise sampling,
the N sense signals (e.g. using an ADC) and applying a
Clarke transformation or another suitable linear transforma-
tion to transform the sense signals, related to each other in
accordance with phase shifts of 27/N, to a sine component
and a corresponding cosine component.

The method 100 comprises digitally computing 103 an
error signal ¢ indicative of a phase diflerence between the
digital signal I and a feedback signal F, e.g. using a digital
processing unit.
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Computing 103 the error signal may comprise multiply-
ing the digital signal (e.g. a complex number formed by the
cosine and sine component as respectively the real and
imaginary part, or vice versa) with the complex conjugate of
the feedback signal.

Computing 103 the error signal may comprise computing
the error signal as an approximation of the phase difference
between the digital signal and the feedback signal based on
the result of said complex multiplication.

The method 100 comprises filtering 104 the error signal
using a digital filter generating a first output P1.

Filtering 104 the error signal may also comprise gener-
ating a second output signal V that 1s indicative of a rate of
change of the first output P1.

Filtering 104 the error signal may also comprise gener-
ating a third output A 1indicative of an acceleration, 1.e. a rate
of change of the second output P2.

Filtering 104 the error signal comprises scaling at least
one 1nput on which a common filter (i.e. shared filter, e.g. a
master {ilter, e.g. embodied 1n a single filter circuit) 1n the
digital filter operates (1.e. the input 1s transformed by the
filter, e.g. as opposed to for example an input acting as a
parameter or control setting of the filter) differently for each
of the selectable filters to obtain different filter bandwidths
(using the common filter) depending on the selected filter.

The, or each at least one, input may correspond to a scaled
version (multiplied by a proportionality constant, e.g. using
a bit shitt over n bits, wherein n 1s selected differently for the
different filters) of the error signal.

Filtering 104 the error signal may comprise digitally
integrating (e.g. using a delay element, and an adder which
adds an mput to a delayed version of 1ts output) one of the
at least one 1nputs that i1s scaled differently for each of the
plurality of filters.

Filtering 104 the error signal may comprise digitally
integrating the sum of (e.g. another) one of the at least one
inputs that 1s scaled differently for each of the plurality of
filters and the output of the first digital integration men-
tioned hereinabove. The output of this second digital inte-
gration may form the first output P1. The output of the first
digital integration may form the second output V. The input
of the first digital integration may form the third output A.

The method 100 comprises digitally generating 105 the
teedback signal, used for the computing 103 the error signal
¢, based on the first output P1 of the digital filter.

Generating 105 the feedback signal may comprise con-
verting the first output P1 to a cosine and a sine component,
which together form the feedback signal.

The steps of computing 103 the error signal, filtering 104
the error signal and generating 103 the feedback signal form
a phase-locked loop (PLL), 1.e. are repeated 1n a loop to filter
the error signal in accordance with a phase-locked loop filter.

The method 100 comprises outputting 106 an output
signal P indicative of the position to be measured based on
the first output P1 of the digital processing unit.

The method 100 also comprises selecting 107 a filter to
applied by the digital filter from a plurality of difierent
filters, each having a different transier function, based on the
error signal or an output of the digital filter.

The plurality of different filters may be a discrete plurality
of filters and selecting 107 the filter may comprise a con-
trolling a plurality of switching components to control the
selected filter.

Selecting 107 the filter may comprise determining a value
indicative of a magnitude of acceleration based on the error
signal and/or the output of the digital filter, testing whether
the value indicative of the magnitude of acceleration lies in
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any one of a plurality of ranges, and selecting the filter from
the plurality of filters based on 1n which range the value 1s
determined to lie, in which the plurality of filters correspond
to increasing filter bandwidths for increasingly higher ranges
of the value. For example, the testing may comprise quan-
tizing the magmtude a small number of bits, e.g. 1 bit, 2 bits
or 3 bits (or equivalently, the magnitude calculation may be
performed on such quantized version of the value represen-
tative of acceleration), and the ranges may correspond to the
unique values allowed for by this quantization.

Selecting 107 the filter may comprise selecting the filter
to be applied 1n a next step (of the PLL; without necessarily
requiring that the selection 1s performed for each loop
iteration; ¢.g. the filter selection may be performed at a lower
frequency than the loop frequency) as the filter correspond-
ing to the range 1n which the value 1s determined to lie 1f this
range 1s higher than the range corresponding to the currently
selected filter, and/or selecting the filter to be applied 1n a
next step as the next filter that has a smaller bandwidth than
the currently selected filter 1f the range 1n which the value 1s
determined to lie 1s lower than the range corresponding to
the currently selected filter.

The method 100 may also comprise compensating 108 for
a phase drift (e.g. a processing delay and/or a delay due to
latency 1n response of the position sensor elements and/or
other electronic components) of the first output P1 of the
digital filter, e.g. such that the output P of the device is
generated based on a value obtained by adding a correction
oflset AP to the first output P1.

Compensating 108 for the phase drift may comprise
calculating the correction offset AP by multiplying the
second output V of the filter by a delay coeflicient DV,

Compensating 108 for the phase drift may comprise
calculating the correction offset AP as a sum of at least DV
times V and DV2 times A, 1n which DV?2 i1s a predetermined
constant. For example, the correction oflset may be calcu-
lated by AP=DV.V+DV2 A or AP=DV.V+DV2 A+OFS, 1n
which OFS refers to a predetermined or conﬁgurable oflset.

The method 100 may also comprise measuring 109 a
temperature T, e.g. using a temperature sensor. Compensat-
ing 108 for the phase drift may comprise determining the
delay coeflicient DV based on the measured temperature T.

Other {features, or details of the features described here-
inabove, of a method 1n accordance with embodiments of the
present invention shall be clear 1n view of the description
provided hereinabove relating to a device 1 accordance with
embodiments of the present invention, and/or vice versa.

The 1nvention claimed 1s:

1. A position sensor device for measuring a position of a

mechanical element, the position sensor device comprising;:

a plurality of position sensor elements adapted to generate
a plurality of analog sense signals, each analog sense
signal being a sinusoid function shifted over a different
oflset phase and having a same frequency, wherein an
input phase of the sinusoid function 1s representative of
the position to be measured,

a digitization circuit that 1s coupled to the sensor elements
and that 1s adapted to provide a digital signal repre-
sentative of the mput phase based on the plurality of
analog sense signals, and

a digital processing unit for outputting a device output
signal 1indicative of the position to be measured based
on a first output of the digital processing unit,

wherein said digital processing unit comprises:

an error signal generator for receiving the digital signal
and a feedback signal and for computing an error signal
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indicative of a phase difference between the digital
signal and the feedback signal,

a digital filter comprising a common filter circuit for
filtering the error signal to generate the first output,

a Teedback path for providing the feedback signal to the
error signal generator, 1n which the feedback signal 1s
based on the first output of the digital filter, and

a filter selector to select a filter to be applied by the digital
filter from a plurality of different filters, each having a
different transfer function, wherein said selection 1is
based on the error signal or an output of the digital
filter,

wherein said plurality of filters are implemented by the
common {ilter circuit of the digital filter, and

wherein the error signal or a signal derived therefrom on
which the common filter circuit operates 1s scaled
differently for each of the different filters to obtain
different filter bandwidths depending on the selected
f1lter.

2. The position sensor device of claim 1, wherein said
filter selector 1s adapted for selecting said filter from said
plurality of different filters, wherein said plurality of differ-
ent filters 1s a discrete plurality of filters.

3. The position sensor device of claim 1, wherein the filter
selector 1s adapted for determining a value indicative of a
magnitude of acceleration based on the error signal and/or
the output of the digital filter, for testing whether the value
indicative of the magnitude of acceleration lies 1n any one of
a plurality of ranges, and for selecting the filter from the
plurality of filters based on 1n which range the value 1s
determined to lie, in which the plurality of filters correspond
to increasing filter bandwidths for increasingly higher ranges
of the value.

4. The position sensor device of claim 3, wherein the filter
selector 1s adapted for selecting the filter to be applied 1n a
next step as the filter corresponding to the range in which the
value 1s determined to lie 1 this range 1s higher than the
range corresponding to the currently selected filter, and for
selecting the filter to be applied in a next step as the next
filter that has a smaller bandwidth than the currently selected
filter 1f the range 1n which the value 1s determined to lie 1s
lower than the range corresponding to the currently selected
filter.

5. The position sensor device of claim 1, comprising a
delay compensation unit to compensate for a phase drift of
the first output of the filter, such that the output of the device
1s generated based on a value obtained by adding a correc-
tion oifset to the first output.

6. The position sensor device of claim 5, wherein the
digital filter 1s adapted for providing a second output signal
indicative of a rate of change of the first output, and wherein
the delay compensation unit 1s adapted for calculating the
correction oflset by multiplying the second output of the
filter by a delay coellicient.

7. The position sensor device of claim 6, wherein the filter
1s adapted to generate a third output indicative of an accel-
cration, and wherein the delay compensation unit 1s be
adapted for calculating the correction oflset as a sum of at
least DV times V and DV2 times A, in which DV2 1s a
predetermined constant.

8. The position sensor device of claim 6, comprising a
temperature sensor for providing a temperature signal,
wherein the delay compensation unit 1s adapted to receive
the temperature signal and to determine the delay coeflicient
based on the temperature signal.

9. The position sensor device of claim 1, wherein the
common filter circuit comprises a first digital integrator, and
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wherein an input provided to the first digital integrator 1s one
of said at least one inputs of the common filter circuit and
corresponds to a scaled version of the error signal that is
scaled differently for the plurality of filters.

10. The position sensor device of claim 9, wherein the
common {ilter circuit comprises a second digital integrator
and an adder for adding a second scaled version of the error
signal, being a further one of said at least one 1nputs of the
common {ilter circuit that 1s selected 1n accordance with the
selected filter, and the output of the first digital integrator,
wherein an output of the adder 1s coupled as input to the
second digital integrator.

11. The position sensor device of claim 1, wherein the
position sensor device 1s an angular position sensor device,
and the plurality of position sensor elements are magnetic
sensors for measuring, along different projection directions,
an angle ol a magnetic field representing the mnput phase,
said magnetic sensors comprising horizontal and/or vertical
Hall elements, and/or giant magnetoresistance sensor ele-
ments, and/or tunneling magnetoresistance sensor elements,
and/or sensing coils coupled to electrical resolvers.

12. The position sensor device of claim 1, wherein the
digitization circuit comprises a digital transformation unit
for computing the digital signal from sampled values of the
sense signals, wherein the digital transformation unit applies
a Clarke transformation or another suitable linear transior-
mation to transform the N sense signals, related to each other
in accordance with phase shifts of 2rt/N, to a sine component
and a corresponding cosine component.

13. The position sensor device of claim 12, wherein said
teedback path comprises a phase to 1/QQ value converter for
converting the first output of the filter to a cosine and a sine
component forming the feedback signal.

14. The position sensor device of claim 13, wherein the
error signal generator comprises a linear combiner for
multiplying the digital signal with the complex conjugate of
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the feedback signal, and a phase approximator to provide the
error signal 1n the form of an approximation of the phase
difference between the digital signal and the feedback signal

based on an output of the linear combiner.
15. A method for measuring a position of a mechanical
clement, the method comprising:

obtaining a plurality of analog sense signals from a
corresponding plurality of position sensor elements,

wherein each sense signal 1s a sinusoid function shifted
over a different offset phase and having a same fre-
quency, and wherein an mput phase of the sinusoid
function 1s representative of the position to be mea-
sured,

generating a digital signal representative of the input
phase based on the plurality of analog sense signals,

digitally computing an error signal indicative of a phase
difference between the digital signal and a feedback
signal,

filtering the error signal using a digital filter to generate a
first output,

digitally generating the feedback signal based on the first
output,

outputting a device output signal indicative of the position
to be measured based on the first output of the digital
processing unit, and

selecting a filter to applied by the digital filter from a
plurality of different filters, each having a different
transier function, based on the error signal or an output
of the digital filter,

wherein filtering the error signal comprises scaling the
error signal or a signal derived therefrom on which a
common filter operates differently for each of the
plurality of filters to obtain different filter bandwidths
for each of the plurality of filters.
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